ABSTRACT In this paper, (i) we present a novel approach for easily developing mechanical models of buildings integrated with friction dampers to simplify their numerical simulation, and (ii) using the developed approach, friction damper-based passive control and then mass driver-based robust active vibration control strategies are applied on a seismically excited, three-story building simulation model, and the results are compared to assess the vibration attenuation level achieved by the passive control approach. The simulation results reveal that displacement and acceleration response reductions in active control are, in general, better than those in passive control but the difference is not that big. These findings, hence, encourage strongly the use of friction damper-based passive vibration control mechanisms as strong alternatives to active control methods in structural protection against earthquakes.
I. INTRODUCTION
Earthquakes are one of the most devastating disasters encountered in many countries, especially in Turkey. For such countries, seismic protection measures and technologies are important to minimize structural damage. Such a costeffective measure is the integration of friction dampers (FDs) into buildings. FDs have started to be used in civil engineering structures in the early 1970s as passive structural control mechanisms [1] , [3] . Since then, FDs became attractive structural elements for the suppression of vibrational effects due to wind loads [4] - [6] , earthquake excitations [7] - [17] , and other dynamic loads [18] . A friction damper system consists of a combination of a bracing frame and an energy absorbing mechanism using friction pads installed on the braced frame. They are designed to have moving parts which will slide over each other, and hence dissipate energy through friction during a strong excitation. Many kinds of friction dampers and installation configurations are available. Figure 1 shows a Sumitomo-type friction damper [1] and chevron-type installation configuration [2] , which is the combination considered in this paper.
FDs with a constant friction force have a threshold value for the friction force. Depending on this value, sliding or sticking condition between the damper and main FIGURE 1. (a) Sumitomo-type friction damper [1] , (b) its installation [2] . structure holds. The differential equations governing the system are coupled, and the number of these equations continuously changes depending on the sliding-sticking modes between the structure and the friction dampers. In sticking mode, they move together, and due to bracing the stiffness of the main structure increases which, in turn, may result in a decrease in system response. On the other hand, due to friction forces in the sliding case, a reduction in system response is achieved. The main difficulty in the analysis/design of such systems is that their behavior is highly non-linear and numerical simulation of their response is difficult. In the case of non-linear multi-degree freedom systems involving static friction, classical methods of vibration analysis fail since the number of degrees of freedom is not fixed. Table 1 lists the advantages and disadvantages of FDs used in seismic upgrade of buildings.
To overcome the drawbacks of constant friction force FDs, FDs with variable friction force have also been developed [19] - [21] . In such FDs, the level of friction force changes adaptively with structure's response. However, their cost is higher than the cost of constant friction force FDs.
As alternatives to passive structural control to improve the system performance, semi-active [22] - [31] and active control systems, especially using mass drivers [32] - [34] , were developed considerably in the literature in the last decades. The main distinguishing difference between (semi-) active and passive control is the fact that (semi-) active control requires external power to operate, which may not be available during a strong seismic excitation, and hence (semi-) active control raises questions about both its reliability and practicality [35] .
However, it should be noted semi-active devices can operate on batteries, so if this option is chosen, then the power outage during natural catastrophe is not the case in semiactive control.
The second disadvantage of active control for earthquakeresistant buildings is the typically large amount of required supply power, especially for tall buildings. On the other hand, active control has the advantage of feedback in the algorithm. The passive control systems do not have the above two cons of the active control but they may have the problem of inferior performance compared to active control.
In this paper, the focus is on two issues regarding passive and active control of seismically excited buildings, which are the contributions of the paper. First, we present a method to easily develop mechanical models of multi-story buildings equipped with FDs, which in turn simplifies their numerical simulation. The method is based on mechanical modeling and derivation of an equivalent viscous damping structure for the modal damping. This developed method results in a simple, easy-to-visualize computer-aided simulation model for systems with FDs. Next, using the developed method, the performance of the passive control approach using FDs with a constant friction force is compared to a robust active control method to see the performance level of the passive approach. In literature, there exist both types of control methods for seismically excited buildings, but there is no case study (to the best of our knowledge) which compares their performance to assess the performance level of constant VOLUME 7, 2019 friction force FDs with respect to an active control method. Here, we perform such a study to close this gap which is our second contribution.
II. FULL DAMPING COUPLING-BASED MECHANICAL MODELLING APPROACH
Dynamic simulation of buildings with constant friction force FDs is hard, especially for large-scale multi-story buildings with tens of FDs, due to the sliding-sticking nature of FDs (and, hence the continuously changing degrees of freedom of the system). Simulation of such systems requires specially developed numerical codes. The objective of this section is to present a method which develops mechanical models for such systems, which, in turn, can easily be constructed and simulated in multi-body mechanical systems simulation tools, such as SimMechanics [37] , Dymola [38], ADAMS [39] . The combination of the presented method with the use of such a tool will save considerable time and effort for simulation of large-scale multi-story buildings with tens of FDs.
Modeling of buildings with FDs is carried out in two steps. First, a mechanical model of the system is constructed and then updated using the idea of full damping coupling (the meaning and reasons of using full damping coupling will be clear later). Then, a SimMechanics [37] model of the final mechanical model is constructed and simulated. The reason behind using mechanical models is simply their easy visualization characteristics.
In general, modeling of multi-story buildings is based on shear-building idealization and lumped masses at floor levels. Consider a three-story building where a FD is incorporated at each floor. Each floor is a one-bay frame, and it is assumed that the structure has a symmetrical plan. The structure with FDs and its mechanical model are shown in Figure 2 . The total degrees of freedom (DOF) of the system will change between three and six.
The mechanical model in Figure 2 (b) is based on shearbuilding idealization. Now consider Figure 2 (b) without FDs. The equations of motion involve mass, damping (structural), and stiffness matrices. The form of these matrices for a three-story building under shear-building assumption without FDs are
The calculation of mass is straightforward and the stiffness matrix is determined using the direct stiffness method from structural components of the building. In contrast, the damping coefficients c 1 , c 2 and c 3 in Figure 2 (b) are not known, and therefore this mechanical model cannot be simulated in its present form. The damping matric C cannot be evaluated from structural elements. To cope with this problem, modal damping ratios are assumed, and based on these ratios, the modal damping matrix of the structure is determined. This is a symmetric matrix and has the form
where the subscript ''mdm'' means the modal damping matrix. As seen, the form of the classical damping matrix C mdm is different from that of the damping matrix of shear-building idealization, C. For the simulation of system response, C is replaced with C mdm . For a mechanical modelbased representation and simulation, this requires the modification of the corresponding mechanical models since they were constructed also under the assumption of shear-building idealization. Now, the question is how we will modify the mechanical model in Figure 2 (b) to include the modal damping. The answer is as follows. The modal damping matrix C mdm is a full matrix by which we mean its all entries may be different than zero. This suggests a mechanical model where we must include a viscous damping coupling between each mass and between each mass and ground. The mechanical model in Figure 3 illustrates this idea, and is an updated version of the mechanical model in Figure 2 (b) with ignore of stiffness and FDs.
The equations of motion of the system in Figure 3 are
From this set of equations, an equivalent viscous damping matrix (equivalent to the modal damping matrix) is determined to be
where the subscript ''evdm'' means equivalent viscous damping matrix. A comparison of (3) and (1) yields
In summary, once we formed the modal damping matrix, the viscous damping coefficients c 1 , · · · , c 6 in the equivalent viscous damping matrix C evdm are found using the equations in (4) . Note that the mechanical model in Figure 3 is a virtual mechanical model, and hence the damping coefficients c 1 , · · · , c 6 have no physical meaning. The lateral stiffness of the chevron bracing on which a FD is installed is calculated later in the paper by (6) . In the next section, we will consider a case study illustrating the presented idea.
III. CASE STUDY
The case study we chose is a symmetric, three-story building which is a four-bay planar frame in the x-direction and threebay planar frame in the y-direction as shown in Figure 4 . Table 2 includes the dimensions of columns for floors 1, 2 and 3, respectively. Other properties are given as follows: (i) All beam cross sections are 50×25 cm; (ii) Each floor thickness is assumed to be 0.12 m with density 25 kN/m 3 ; (iii) Self weight per length for outside walls is taken 12.5 kN/m; (iv) Self weight per length for inside walls is taken as 7 kN/m; (v) Self Using the geometric properties and the above data, the mass of each floor is found to be 3802.60 kg. The modulus of elasticity of the reinforced concrete is determined from Turkish Standards [40] as E = 3250 0.85 × cs BS20 + 1400
using BS20-type reinforced concrete for older structures to be upgraded seismically. Here, cs BS20 is the cylindrical strength of BS20 type concrete, 20 N/mm 2 with material safety factor of 15 percent. The 28-day strength, E, is calculated to be 28500 N/mm 2 . The frame is modeled as a moment resisting VOLUME 7, 2019 shear type frame. The objective is to improve the seismic response of this structure using a fixed number of friction dampers. 
where E b is Young's modulus for the bracing material, A is the cross-section area of bracing, and L, H are span width and height, respectively. Since the x-direction span widths are either 6 m or 4m, we have two different stiffness values, k 1 = 32.67 × 10 6 N/m and k 2 = 23.66 × 10 6 N/m. In simulations, spans of 6 m width are considered first and then 4 m width spans are used. The cross-section of the chevron bracing is type IPE120. The threshold of friction force between the main structure and the friction dampers is taken to be 45 kN. Data related to each friction damper are summarized in Table 3 . The stiffness matrix is calculated using the code number technique and direct stiffness method [41] , [42] . The classical damping matrix is determined using Caughey method [43] , taking a modal damping ratio of 0.05 for each mode. The natural frequencies of the building are calculated to be 9.63 rad/s, 26.4 rad/s and 36.58 rad/s. Since the modal damping ratios are very small, the damped natural frequencies are nearly equal to these values.
The updated final mechanical model of the structure for the case of using all friction dampers is shown in Figure 5 . Each damper is connected with a spring (which is the lateral stiffness of the chevron bracing on which damper is mounted) either to the wall or to the big masses and for the sake of simplicity, we have shown this for only one damper on each floor mass. In Figure 5 , µ is used to denote the friction force coefficient. The displacement response of the structure under the considered seismic excitation is found for the following cases: (i) structure without any friction damper, (ii) structure with all friction dampers, (iii) structure with all combinations of using 16 friction dampers.
For the last case, all possible combinations are simulated and then the data are sorted in ascending order with respect to the sum of maximum story drifts. From this sorted data, the best case (optimal) and worst case distributions of dampers are determined corresponding to the considered seismic excitation. Table 4 shows displacement responses and FD distributions corresponding to the following cases: (i) structure with no friction damper case or bare structure case (bare), (ii) best case distribution of 16 FDs (best), (iii) worst case distribution of 16 FDs (worst), and (iv) structure with all 48 dampers case (full). In this table, n i denotes the number of friction dampers used at i-th floor, u i is the maximum displacement of the i-th floor with respect to ground, d i is the maximum story drift and d i is the sum of maximum story drifts.
Finally, in the reduction of seismic response, the following criteria must be satisfied for the structure to remain in its elastic range when it deforms [44] (
where (d i ) max is the maximum story drift and h i is the story height. This condition is satisfied by best and full case distributions. From the results in Table 4 , we see that the best distribution of the 16 dampers between floors is 8-5-3 and the performance of this distribution of 16-dampers is very close to the use of all 48 dampers. This clearly shows that the full integration of a building with FDs may be very unnecessary. Figure 6 shows the floor displacements relative to ground for the best and the worst cases, all compared with the response of bare structure. In all graphs, cs means the controlled structure with friction dampers. In addition to comparison of displacement responses, we need to compare also the acceleration responses because high floor accelerations can result in sudden jerky motions which can damage equipment in the building and reduce occupant comfort during long duration ground motions [45] , [46] . Passive control floor acceleration responses for the best case (building with 8-5-3 FD distribution) are compared with floor acceleration responses of the bare case in Figure 7 and in Table 5 . From the comparisons we see that acceleration response reduction performance of passive control is also significant, in terms of both reduction of peak value of acceleration and reduction of average value of absolute acceleration over the considered time period. 
Remarks:
• Thanks to the presented full damping coupling method, Figure 5 was easily developed, which was then constructed in SimMechanics [37] to simulate the system. This way, the simulation of buildings with FDs under ground accelerations becomes extremely easy.
• For buildings with FDs, the optimal distribution of a fixed number FDs for a given arbitrary ground acceleration seems an interesting research problem. However, a deterministic solution cannot be found for such systems since the sliding-sticking mode (hence, the total energy dissipation level) depends on the ground acceleration. However, a statistical approach is possible: under all possible combinations of the fixed number of FDs and hundreds of ground accelerations, and after an extensive number of simulations, a statistical result can be given on the best possible distribution of the fixed number of FDs. Such a study will be considered in future.
IV. ACTIVE CONTROL
Active Mass Driver (AMD) system is the most commonly used method of active control in seismic protection of buildings and we will also use that one. The AMD system consists of a mass whose motion is controlled by the actuator. The AMD system is usually put on the roof of the buildings so that control force is just applied to the top floor but in this study we will use an AMD system for each floor as shown in Figure 8 . One of the most important issues to consider in active control is the robustness of the control algorithm. Robust control VOLUME 7, 2019 TABLE 5. Bare (building without FDs) and best case floor acceleration response comparisons under the considered seismic excitation. Accelerations are specified in terms of acceleration of gravity, g. Maximum value of absolute acceleration is shortened as ''max. abs. a'' and average value of absolute acceleration is shortened as ''avg. abs. a''. FIGURE 8. Active mass driver system. In the figure, ''md'' means mass driver.
focuses on the performance and stability of the system in the presence of uncertainty. Here, we will assume parametric uncertainties in the stiffness and damping matrices, which are unavoidable in the modeling of multi-story buildings. Nominal mass matrix will be used because in general the mass of a multi-story building can be calculated accurately.
Next, a robust controller will be designed for the threestory example model building considered in passive control part. Let M 0 , C 0 , K 0 be the nominal building matrices and M , C, K be the corresponding ones including uncertainty. Since no uncertainty in mass is assumed, we have M = M 0 . To begin with, we derive the unifying framework for robust control shown in Figure 9 .
The nominal mass, damping and stiffness matrices of the building were The nominal and uncertain parameters can be written as 
where w c i and w k j are weightings for damping and stiffness coefficients and they represent the degree of uncertainty in each quantity, δ c i , δ k i ∈ [−1, 1] are the normalized uncertainties. The uncertain damping matrix C can be decomposed as
where 
Similarly, the uncertain stiffness matrix K is written as
where
The equation of motion of the three-story building using the mass, damping and stiffness matrices can be written as
where d is the disturbance force associated with ground acceleration and u is the control input force. The displacement vector ζ is relative to ground. Letting (10) can be written aṡ
Now make the following substitutions
Using these substitutions, Equation (11) can be written aṡ
Then, the equation of motion can be put into the following formẋ
with
In the unifying framework of Figure 9 , w represents all disturbances including sensor noise n in the measured signals. Taking this fact into consideration, disturbance signal w consists of the force due to seismic excitation and sensor noise. Namely, w = [d n] T . Then, Equation (13) can be rewritten aṡ
From these two relations, we get
For the output to be controlled or regulated, we choose z = [x 1 W u u] T where x 1 is the displacement vector containing floor displacements. W u is the control input weighting matrix. The choice of this weighting matrix is important because it is directly related to the magnitude of the control force to be produced. If its entries are increased, the associated control force decreases, and if decreased, the control force increases. Therefore, by playing with that matrix, the appropriate control force is determined. Using z = [x 1 W u u] T , we can write the controlled output equation as
Finally, x 1 is chosen for the measured output, and hence the input to the controller is
Similarly, Equation 17 is rewritten as
W n is the noise weighting matrix. Equations (14), (15), (16) and (18) are the state-space equations of the robust control framework of the problem and are summarized below.
A robust controller is designed using these system matrices. Ten percent uncertainty in each damping and stiffness coefficients is assumed so that all damping and stiffness wightings are 0.1 and nominal mass matrix is used. After some trial and error, the optimal control input and noise weights to minimize the maximum sum of story drifts were chosen as
The mass, damping and stiffness coefficients of each of three AMDs are take to be 20 kg, 5 × 10 2 Ns/m and 20 × 10 3 N/m, respectively. D-K iteration gave at the second iteration a 12 th order controller with achieved gamma and mu value of 0.164 and 0.163 respectively. From the gamma and mu values obtained from the D-K iteration, it is seen that they are much less than one, and therefore robust stability and performance objectives are well achieved. Figure 10(a) shows the floor displacements relative to ground using the active control system and taking the damping and stiffness coefficients to be 1.1 times their nominal values and call that case ''plus uncertainty case'' (puc). Figure 10(b) shows the same quantities using the active control system and taking the damping and stiffness coefficients to be 0.9 times their nominal values. This case is called ''minus uncertainty case'' (muc). In all figures, ''cs'' denotes the actively controlled structure.
The maximum displacements of first, second and third floors relative to ground, maximum story drifts and their sum are shown in Table 6 . From these results, we see that active control achieves a good displacement response reduction.
From comparison of results in Table 4 and Table 6 , we see that the best-case distribution of 16 FDs (8-5-3) gives a performance, in terms of displacement response reduction, close to performance of active control cases.
Next, floor acceleration responses of active control cases (both plus and minus uncertainty cases) are compared with bare case floor acceleration responses in Figure 11 and Table 7 . As we see, the performance of active control in terms of acceleration response reduction is also very satisfactory.
If we compare acceleration response reduction ability of the best case of passive control to that of the active control using Table 5 and Table 7 , we see that acceleration response reductions in active control cases are in general better (except, for the colored cells in Table 7 , for which a possible reason is the conservativeness of the active robust controller) but the differences with passive control are not so big.
To sum up, response reduction performance of passive control both in terms of displacement and acceleration response reduction is close to performance of active control, signifying the power of seismic vibration control using a FD-based passive approach.
Remarks:
• It is crucial that the active controller be designed based on a robust control approach since uncertainty in the stiffness and damping matrices is unavoidable. For example, in practical applications the behavior of real buildings may deviate to some extent from that of idealized shear buildings.
• Here, the comparison between the FD-based passive control and active control results may be thought of unfair since the active control results are based on a robust controller. However, this is not the case since the passive control design is not a model-based approach (i.e., no model information was used). Moreover, when we compared the passive control results with an H ∞ controller designed using nominal system matrices, the results of passive control were close again.
• When we used four scaled versions of the considered ground excitation as input (with scaling coefficients = 1.5, 2, 2.5, 3 to take into account different peak ground accelerations) and tested the control approaches, the performances of both active and passive control were good, and the results were again close to each other. These Table 5 of the best case of passive control. results were not presented here since the scaled ground accelerations did not correspond to recorded real ground accelerations. These simulations were performed to only gain confidence on the findings of this study.
• The active control results do not depend on the mass, damping and stiffness values in the driver since in the approach followed, the driver dynamics were decoupled from the building dynamics, and it was assumed that the driver system is able to produce the control input u = k md ν + c mdν where ν is the relative displacement vector of the drivers with respect to building stories. As a result, it is not the case to have better active control results by the optimal tuning of the driver parameters M md , k md and c md . However, the selection of M md , k md and c md should be done so that ν does not exceed half of the floor lengths assuming that the initial position of each AMD is the center of each floor and that the actuator force F a = k md ν + c mdν + M mdν is producible by the actuators at floors. These are the only constraints on driver parameters.
V. CONCLUSIONS AND FUTURE WORK
In this paper, first we presented a simple method based on the idea of full damping coupling to develop mechanical models for multi-story buildings integrated with friction dampers to simplify their numerical simulation. The developed method is valuable in case of large-scale multi-story buildings with tens of friction dampers. The developed mechanical models can be constructed easily in an appropriate multi-body simulation tool to simulate multi-story buildings with friction dampers. This saves a lot of effort and time compared to development of special numerical codes for simulation of such complicated systems where DOF of the system may change continuously.
Next, using the developed method, the FD-based passive seismic control approach was compared with a mass driverbased active robust control approach to assess its performance, which is not available in the open literature to our best knowledge. The results revealed that passive control achieves a good performance and hence motivates the integration of FD devices to have earthquake-resistant buildings. Although it was shown that the use of FDs results in a considerable seismic response reduction, it was observed that the distribution of the dampers is of great importance because some distributions may cause a seismic response increase instead of decrease. Moreover, it was observed that integration of a building with a small number of FDs gives a seismic response reduction close to the one with a full integration. VOLUME 7, 2019 The main finding of this paper is that the low-cost solution friction damper integration into buildings against earthquake loads gives a protection level close to using an active control solution based on a mass driver system. Moreover, it should be taken into account that compared to FD-based passive control, mass driver-based active control has the disadvantage of the possibility of the cut of electricity power during earthquakes (unless supported with an electric generator) which causes stopping of its functioning.
As future work, (i) regarding FD-based passive control, a statistical approach can be developed to determine optimal distribution of a fixed number of FDs between floors using an extensive number of simulations under a set of ground excitations; (ii) regarding active control, an explicit model predictive control method can be developed where soft constraints on both floor displacements and accelerations can be imposed.
